Diastereomeric adducts between (S)-1-(4-fluorophenyl)-ethanol and R and S 2-butanol, formed by supersonic expansion, have been investigated by means of a combination of mass selected resonant two-photon ionization-spectroscopy and infrared depletion spectroscopy. Chiral recognition is evidenced by the specific spectroscopic signatures of the S 1 ' S 0 electronic transition as well as different frequencies and intensities of the OH stretch vibrational mode in the ground state. D-DFT calculations have been performed to assist in the analysis of the spectra and the determination of the structures. The homochiral and heterochiral complexes show slight structural differences, in particular in the interaction of the alkyl groups of 2-butanol with the aromatic ring. The experimental results show that the homochiral [FE S ÁB S ] complex is more stable than the heterochiral [FE S ÁB R ] diastereomer in both the ground and excited states. The binding energy difference has been evaluated to be greater than 0.60 kcal mol
Introduction
It is wholly accepted that aggregation and self-recognition played an important role in the prebiotic earth.
1 Over the several hundred million years of chemical evolution that brought to the first living organisms, simple molecules evolved into larger and more complex systems, often through processes mediated by supramolecular interactions. Chirality is an important element of terrestrial life: life as we know it cannot possibly function without chirality either at the molecular or the supramolecular level. Various hypotheses have been proposed to explain the abiotic origin of chirality.
2 However, several evolutionary steps were required to produce, implement, and maintain chirality in the terrestrial type of life. 3 The specific chemical mechanisms that lead to the first replicable homochiral substance still remain unknown, though it is certain that chiral recognition through supramolecular interactions played a major role in the prebiotic earth and in the evolution of life.
The in-depth comprehension of stereospecific, non-covalent interactions is a major issue to understand the origin of life and all processes that occur in living organisms.
Information on molecular structure, dynamics, reactivity, energetics of diastereomeric complexes can be achieved by spectroscopic techniques. One may broadly distinguish between spectroscopic techniques operating with samples in the condensed phases [4] [5] [6] (in liquids, on surfaces, and in structured materials), which are the majority, and experiments in the gas phase (on isolated complexes). Though it can be argued that the properties of isolated complexes cannot be directly extended to the condensed phase, gas phase studies have the advantage that tailor-made diastereomeric clusters can be investigated at the molecular level and are appropriate for an accurate understanding of the forces at play in chiral recognition. Fundamental interactions, influencing specific molecular geometries, 7 as well as the dynamics of conceivable reactive processes can be studied without any interference from the environment. The results of gas phase experiments can be used by theoretical chemists as a benchmark for the validation of different approximations for ab initio calculations.
In this context, several groups, including ours, have been active in investigating weakly bound diastereomeric clusters. To elucidate the nature of the intervening intracomplex forces and the underlying mechanisms it is desirable to investigate small model systems which can be generated and isolated by supersonic expansion. Hydrogen bonded clusters are of particular interest because of their ubiquitous role in biological systems. Their structure and conformational equilibria have been 12 Resonant Two Photon Ionization (R2PI) spectroscopy, coupled with Time of Flight (TOF) mass spectrometry, is a powerful tool for studying non-covalent molecular interactions involved in chiral recognition. It provides mass-selective electronic spectra and allows the energetic and structural characterization of neutral diastereomeric complexes and the investigation of chemical reactivity in ion complexes. 13 An important aspect of R2PI studies concerns the measure of the binding energy differences in a few adducts between chiral benzylic alcohol derivatives and chiral secondary alcohols, which is in the range of 250-400 cm À1 with the homochiral complexes always more stable than the corresponding heterochiral complexes. 13, 14 Recently we have applied this methodology to fluorinated analogues 15, 16 of chiral aromatic alcohols, with the aim of determining the effect of fluorine substitution on the structure and reactivity properties of their complexes and to verify the role of the fluorine substitution on the chiral recognition process. Organofluorine compounds, although rare in nature, are increasingly applied in metabolic studies, in positron emission tomography, as antitumor agents, and as probes in studying enzyme activity, reaction mechanisms, and biomolecular binding.
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In this paper, we report on the application of R2PI-TOF spectroscopy and IR-R2PI double resonance spectroscopy to gas phase diastereomeric complexes of a chiral chromophore e.g. (S)-1-(4-fluorophenyl)-ethanol (FE S ) with R-2-butanol and S-2-butanol (B R/S ). Because of the stereospecificity of the chromophore-solvent interaction, the corresponding hetero [ 
Experimental and computational methodology 2.1 Experimental section
The molecular beam chamber combined with the linear time of flight (TOF) mass spectrometer used in this work has been previously described 18 and only a brief account will be given here. Diastereomeric clusters were generated in a supersonic-jet expansion of a carrier gas (Ar; stagnation pressure 2 bar) seeded with FE S , and B R or B S , through a heated (80 1C) pulsed valve (0.8 mm id, aperture time: 200 ms). The concentration is maintained low enough to minimise the production of heavier clusters.
The supersonic jet was skimmed before entering the detection chamber. At a distance of about 13 cm from the nozzle the clusters are ionized in the ionization region of a time of flight mass spectrometer via one color R2PI (1cR2PI) utilizing a Nd:YAG-pumped pulsed dye laser with associated crystals for nonlinear optical conversion. The laser beam is perpendicular to the supersonic beam. The photoions are mass analyzed and detected by a channeltron. The signal was recorded and averaged by a digital oscilloscope and stored on a PC.
The 1cR2PI experiments involve electronic excitation of the species of interest by absorption of one photon hn 1 at resonance with an electronic transition of the cluster and by its ionisation by a second photon of the same energy hn 1 . The 1cR2PI excitation spectra were obtained by recording the ion yield as a function of n 1 . Due to the resonant step in the two-photon ionization, the 1cR2PI spectrum reflects the UV excitation spectrum of the neutral precursor.
By fixing the UV ionization laser to one of the clusterspecific transitions in its 1cR2PI spectrum, the vibrational spectra in the OH-stretching region of the neutral precursors have been recorded by IR-R2PI double-resonance spectroscopy. The IR and UV lasers are counterpropagating and spatially superimposed; the IR pulse (pump) precedes the UV laser pulse (probe) by about 100 ns. If the IR laser is at resonance with vibrational transitions of the ground state of the cluster, the ground state population is depleted and the cluster can predissociate by absorption of one or several energy quanta. This results in a reduction of the number of ions produced by 1cR2PI. By measuring the ion signal while tuning the IR wavelength, the so called IR-R2PI depletion spectrum represents the vibrational transitions of the neutral precursor in the S 0 ground state. This methodology also allows the discrimination of different stable conformations present in the supersonic molecular beam. 19 Several factors can affect the conformer distribution following supersonic expansion. For isolated molecules, the Boltzmann conformer distribution before the expansion may be preserved provided that interconversion barriers between conformers are sufficiently high. The collisional relaxation during the free jet expansion, on the other hand, may partly drain the population into the most stable conformational structures. This is also true for clusters, which are formed and stabilized during the free jet expansion. The distinction of conformers by IR-R2PI is achieved by selecting the frequency of the UV laser. UV absorption frequencies pertaining to different conformers will display a different IR spectrum.
The IR laser light is generated by a recently homemade, injection-seeded optical parametric oscillator (OPO), which has been built according to the design developed at the University of Frankfurt. 20 The seed optical signal around 3 mm is produced by mixing, in a LiNbO 3 crystal, 10 mJ at 532 nm (Brilliant B Nd:YAG laser) with 3 mJ at 640-670 nm, produced by a tunable dye laser pumped by the same YAG laser second harmonic. 100-200 mJ of IR light is obtained and it is used to inject an OPO laser cavity. The OPO utilizes another LiNbO 3 crystal and is pumped by 110 mJ of a 1064 nm laser beam, still from the same Brilliant B YAG laser. Typical idler output (2.6-3.7 mm) energies are about 2-3 mJ per pulse. The tunable range with a DCM dye in DMSO covers the 3000-3900 cm À1 region with a bandwidth of 0.8 cm
À1
, except for a dip in between 3487 and 3510 cm À1 that is due to OH impurities in the LiNbO 3 crystals. The FE S , B R and B S samples were purchased from Sigma Aldrich and used without further purification.
Theoretical section
Because of the complexity of the potential energy surfaces of the [FE S ÁB S/R ] clusters a preliminary search of the energy minima has been performed by restrained molecular dynamics calculations using the Tinker Package. 21 In particular the MM3 22 force field has been used to run molecular dynamics at a temperature of 800 K with constrain to overcome dissociation (cumulative time of 0.1 ns, dump time 1 ps). 100 snapshots are then optimized with a convergence of 10 À6 kcal mol À1 Å À1 RMS gradient per atom. The optimized structures are then classified according to their topology. Six lowest energy structures for each diastereomer (E o 2 kcal mol
À1
) have been re-optimized using ab initio procedures. Because the strong hydrogen bond contribution to the intermolecular forces is almost similar for the various conformers, the energy differences of these molecular systems are substantially affected by weak dispersive interactions. Therefore a detailed and comparative study has been carried out by employing different approximated hamiltonians within the density functional theory. In particular B3LYP (with and without dispersive contribution), B97D and WB97XD functionals 23 have been used in order to estimate the vibrational frequencies. The ab initio calculations have been performed with 6-31++G** basis set. The frequency analysis has been based on normal mode harmonic approximation, and a scaling factor of 0.9613 has been used. 24 All the above ab initio calculations have been executed with Gaussian03, 25 NWCHEM, 26 and GAMESS-US 27 program packages.
Results and discussion
3.1 Electronic and vibrational spectroscopy: 1cR2PI and IR-R2PI spectra One color R2PI spectroscopy is able to discriminate between homochiral and heterochiral complexes through the measure of their excitation spectra and of the specific spectral shifts with respect to that of the bare chromophore. Because of the low internal temperature of the species present in the supersonic beam, the spectra display well-resolved features since only the lowest rotational and vibrational levels of the electronic ground states are populated. Through IR-R2PI double resonance experiments the O-H stretching frequencies of B R and B S bound to FE S have been measured. Fig. 1 reports the 1cR2PI excitation spectra of the two [FE S ÁB S ] and [FE S ÁB R ] diastereomeric complexes recorded with pure enantiomers in the 36 800-37 900 cm À1 frequency range. A spectral chiral discrimination is evident from the spectra: each diastereomer displays distinct features shifted to the red with respect to 0 0 0 transition of the chromophore (dotted line in Fig. 1 ). 16 The spectrum of the homochiral [FE S ÁB S ] complex is characterized by an intense band at 36 853 cm À1 , accompanied by a low frequency mode progression with a spacing of 17 cm À1 (bands labeled 1-7 in Fig. 1a and 5a) . A similar band progression is observed in the 37 600-37 800 cm À1 ring breathing region of the spectrum (bands 11-14) ( 16 the band progression is ascribable to the fact that the S 1 ' S 0 transition in these fluorinated species involves asymmetric structures of the aromatic ring in both the S 0 and S 1 states.
The spectrum of the heterochiral [FE S ÁB R ] complex exhibits two band progressions, the first starting at 36 867 cm À1 (bands 1, 2, 4
in Fig. 1b and 5b ) and a less intense second one at 36 914 cm
À1
(bands 3, 5, 7 in Fig. 1b and 5b) , both characterized by the same spacing of 19 cm
. A similar band progression is also observed in the 37 600-38 000 cm À1 region of the spectrum.
The shifts of the 0 0 0 S 1 ' S 0 electronic transition of the diastereomeric complexes relative to the 0 0 0 electronic origin of the isolated FE S are Dn homo = À287 cm À1 and Dn hetero = À273 cm
. A red shift indicates an enhancement of the binding energy for the clusters in the S 1 state relative to the S 0 state.
The S 1 ' S 0 energy gap is higher than what was observed for similar non-fluorinated systems, namely the complexes of 29 with B R/S . The higher value of the spectral shift in [FE S ÁB R/S ] with respect to non-fluorinated analogues can be attributed to the electron-withdrawing effect of the fluorine atom with respect to the aromatic ring, which is stronger in the excited p* state than in the p ground state, due to the higher polarizability of the aromatic ring in the excited state. A tentative explanation for the increase of the binding energy in the excited state could be that the decreased electron density on the aromatic ring determines a reduced repulsive solvent-chromophore electronic term.
Dispersive interactions between the aliphatic chain of the alcohol and the p-system of the chromophore are mainly responsible for the different spectral shifts observed in [FE S ÁB R/S ] and in non-fluorinated analogues. Fig. 2 Fig. 1b) could be interpreted as being due to the 0 0 0 electronic transition of the another isomer we probed the depletion also on this band. We found that it yields an IR-R2PI depletion signal at exactly the same frequency as with band 0 0 0 with comparable efficiency, and thus the two bands may be attributed to one common precursor.
The bands at 3637 and 3610 cm À1 correspond to the OH 
Mass spectra, dissociation thresholds and binding energy differences
In a 1cR2PI process, if the excited state is much higher in energy than one-half of the ionization energy, the ion will be produced with a not negligible excess energy which results in vibrational excitation of the ionized species. Sometimes, this excitation causes the cluster ion to dissociate into its original components or give rise to more complex fragmentation patterns. 13, 15, 30 The dissociation ratio in the 1cR2PI process of non-covalent diastereomeric complexes provides a further tool for their discrimination. A great difference in the dissociation ratios in correspondence with small differences in the total energy (2hn 1 ) absorbed in the process indicates that higher-energy dissociative states are populated in the cluster that shows the higher dissociation ratio.
[FE S ÁB R/S ] complexes are a favourable case in which the difference in the binding energies can be evaluated in a 1cR2PI experiment. This is because the excited state energy is almost half way between the ground electronic state and the dissociation threshold of the cluster.
The 1cR2PI mass spectra of a mixture of FE S and B R/S recorded in correspondence with the 0 0 0 S 1 ' S 0 origin transitions are shown in Fig. 4a indicates that for the heterochiral complex, E 2hn is higher than the dissociation threshold of the ionic adduct. Fig. 4c and d show the mass spectra recorded in correspondence with the vibronic transitions labelled 11 in Fig. 1a and 15 in Fig. 1b Fig. 5 ). This value compares well with the binding energy differences measured for the non-fluorinated analogues, 1-phenyl-1-propanol/butan-2-ol (1.1 kcal mol À1 ) 13 and 1-phenyl-1-ethanol/ butan-2-ol (0.7-1.0 kcal mol À1 ) 14, 28 complexes. Also in these systems, the homochiral complexes are more stable than the heterochiral complexes. From the experimental value of DD 0 and from the shift of the S 1 ' S 0 transition we can deduce that the homochiral complex is also more stable than the heterochiral complex in the excited state, where the difference in the binding energies is higher by 14 cm À1 . In all the most stable complexes the main electrostatic interaction is a hydrogen bond between the alcohol groups of FE S and B S/R with the solvent acting as a proton acceptor from the OH group of the chromophore and the hydroxyl hydrogen atom of the solvent pointing somewhat towards the aromatic ring plane (OHÁ Á Áp bonding). D-B3LYP optimized structures, Fig. 3 , predict that the most stable [FE S ÁB S/R ] Fig 1a) , (b) 36 853 cm À1 (band 0 0 0 in Fig 1a) , (c) 37 649 cm À1 (band 11 in Fig 1a) and (d) 37 662 cm À1 (band 15 in Fig 1b) . (Fig. 3) .
Theoretical results and structural assignment
Another conformer C hetero is calculated to be less stable than A hetero by 0.23 kcal mol
À1
. A hetero , B hetero and C hetero are characterized by a folded geometry where either the methyl (B hetero ) or the ethyl (A hetero and C hetero ) group of B R interacts with the aromatic ring. Fig. 3 reports also the energies relative to the most stable A homo adduct. The homochiral complexes have been found to be more stable than the heterochiral complexes, in agreement with the experimental findings. B97D and WB97XD calculations (ESIw) predicted similar conformational structures but, at variance with B3LYP, an higher stability of the heterochiral clusters relative to that of the homochiral clusters was found. Moreover, a better agreement between the experimental and the calculated nO (Fig. 1b) are due to the same isomer. The calculated nO b H stretching frequency of conformer C hetero matches the experimental value much better than that of the A hetero and B hetero isomers (Fig. 2b) . We tentatively assign the band at 36 867 cm À1 in the spectrum of The assignment of the spectroscopic data to the structures A homo and C hetero is also supported by the agreement between the D-B3LYP calculated energy difference (0.73 kcal mol À1 , Fig. 3 ) and the experimental value (DD 0 > 0.60 kcal mol À1 ).
Conclusions
The present paper presents a spectroscopic investigation on diastereomeric adducts between (S)-1-(4-fluorophenyl)-ethanol and R and S 2-butanol formed in supersonic expansion. The study of the chiral recognition phenomena has been carried out using R2PI spectroscopy with mass selection coupled with infrared-depletion spectroscopy. The binding energy difference between the homochiral [FE S ÁB S ] complex and the heterochiral [FE S ÁB R ] diastereomer has been experimentally evaluated to be higher than 0.60 kcal mol À1 . This result is in line with previous results on hydrogen bonded complexes between chiral benzylic alcohol derivatives and chiral secondary alcohols. In all the investigated systems, including this study, homochiral complexes were found to be invariably more stable than the heterochiral ones, both in the ground and the excited states. The stability differences in [FE S ÁB S/R ] adducts can be traced to slight structural differences which are reflected by the specific spectroscopic signatures of the S 1 ' S 0 electronic transition as well as different frequencies and intensities of the OH stretch. In all the most stable [FE S ÁB S/R ] structures, the main electrostatic interaction is a hydrogen bond between the alcohol groups of FE S and B S/R with the solvent acting as a proton acceptor from the OH group of the chromophore. Both for [FE S ÁB S ] and for [FE S ÁB R ], one conformation has been observed. They are assigned, on the basis of D-B3LYP calculations, to folded geometries where the methyl (homochiral structure A homo ) or the ethyl (heterochiral structure C hetero ) group of 2 butanol is bent over the aromatic ring and partially interacts with it.
